While the Grid and Web Services have helped us support heterogeneous resource access through the use of service oriented architectures, they have not addressed the issue of heterogeneous data representation. Since service providers often describe their service interfaces using different data models than those assumed by the client, it is common for additional processing to be required to compensate for the mismatch in data formats. By utilising technology from the Semantic Web, we are able to augment existing Web Service systems with middleware to automatically perform data harmonisation when a syntactic mismatch occurs. To achieve this, we have developed a mapping language which can be used to annotate XML data structures with OWL concepts andproperties, a Mapping Language Engine to implement this language, and a Dynamic Web Service Invocation component to execute Web Services.
Introduction
Web Services are software components designed to support interoperable machine to machine interaction over a network. By defining standard languages to present software interfaces, such as WSDL [6] , and protocols that describe interaction mechanisms, it is possible for computers to communicate across organisational boundaries from a range of heterogeneous platforms. This benefit has been noted by both the Grid computing and eBusiness communities who have adopted Web Services as a fundamental building block for the development of large scale serviceoriented architectures [8] . In these systems, it is often desirable to integrate disparate resources, for example, through the creation of a Virtual Organisation on a Grid, or through Enterprise Application Integration in eBusiness. During such a collaboration of resources, it is necessary for participants to exchange information in a format that is mutually intelligible. Given the wide range of heterogeneous data models used by service providers and service consumers, it cannot be assumed that data formats are compatible. Therefore, additional processing is required to integrate components using different syntactic structures, a term we refer as syntactic mediation. While this process can be specified manually, either through the definition of data transformations or the creation of bespoke mediator components, it is desirable to automate it because it will save users effort and allow them to compose services without concern for data incompatibilities. To achieve this, we propose to utilise Semantic Web technology.
The Semantic Web [3] is an extension of the existing Web that aims to support the description of Web resources in formats that are machine understandable. On the Semantic Web, resources are given well defined meaning by annotating them with concepts and terminology that correlate with those used by humans. This can be achieved through the use of ontologies [9] , providing a conceptual model that is common to all but independent of concrete representation. Therefore, to provide a framework that supports the automated mediation of syntactic structures, ontologies can be created that describe information models at a conceptual level, and used as a common vocabulary of terms for the exchange of data.
To focus our work, we examine a common service interaction from a bioinformatics Grid application. We identify where syntactic incompatibility occurs and why automated mediation is desirable. We then show the benefits of using ontologies to describe XML data structures and how this link can be specified using a mapping language. There follows a description of our mapping language and examples of how it can be used to annotate XML data structures. We then present our Mapping Language Engine which implements the mapping language and performs translations between XML data and OWL concepts. Finally, we show how Figure 1 .
Intuitively, a bioinformatician will view the two sequence retrieval tasks as the same type of operation, expecting both of them to be compatible with the NCBI Blast service. However, when plugging the two components together, additional information must be provided to specify how data is extracted from one data structure and passed into the next. This could be achieved using a data transformation language such as XSLT [7] or XQUERY [41, but it would require the manual specification of all possible transformations. For n compatible data formats, (n -1)n transformations are required for maximum interoperability. Also, when a new data type is introduced, mappings to and See http://www.ecs.soton.ac.ukW mnsO3r/ontlSequence for full OWL description.
from all other compatible types would have to be specified. Finally, users are not interested in the details of the service interaction; they prefer them to be hidden so they can focus on the scientific problem.
We propose an architecture in Section 4 that utilises Semantic Web technology to enable the automated mediation of syntactic structure between Web Services. By annotating XML structures with ontology concepts and properties, described in Section 3, we are able to automatically integrate syntactically incompatible services.
Semantic Annotations
In this section we show how an ontological definition of a data format can be used to integrate data structures passed between Web Services. We continue using the bioinformatics services presented in Section 2. This example is centred around the concept of some 'sequence data'. We have devised a simple ontology to express this information, which is shown in Figure 2 . The main concept, Sequence_Data , has the datatype property sequence (denoting the string of sequence data), description (a text annotation) and accession_id (unique id). Each sequence has a number of references which is represented by the has -reference object property type and a number of features, represented by the has -feature object property. There are a number of sequence features, we show two common ones in this example; feature_source (where and how the sequence was gathered), and feature_CDS (which shows the protein sequence translation and id). Since BSML format and DDBJ format also contain additional information on the sequence, we introduce subconcepts called BSML_Sequence Data and DDBJ Sequence_Data.
When examining the two services presented by XEMBL and DDBJ, we can consider their input and output to be similar; each take a sequence data accession id as input and both return some sequence data. To be more specific, the XEMBL service returns the concept BSML_Sequence Data and the DDBJ service returns the concept DDBJ Sequence_Data. The next service in the workflow, NCBI Blast, takes some sequence data as input, namely an individual of type Sequence_Data with the sequence property type specified. Given that the BSML_Sequence_Data and DDBJ_Sequence_Data concepts are both subsumed by the Sequence_Data concept, i.e. the Sequence Data concept is considered more general, we say that the output from both of the sequence data retrieval services is semantically compatible with the input to the BLAST service. However, the services are not syntactically compatible since the output dataset cannot be passed directly as input to the BLAST service. Therefore, a stage of syntactic mediation is required to extract data from one dataset and transform it to create a new dataset.
To automate the process of syntactic mediation, we require mappings from concrete XML structures to conceptual ontology structures. To enable this specification, we have developed a mapping language, presented in Section 4.1, which can be used to specify mappings between XML and OWL [12] . Partial mappings for the two sequence retrieval services is shown in Figure 3 . These statements show how the sequence data and accession id can be retrieved from the XML data structure and used to create new OWL concepts.
A full mapping for each can be found online8. Due to their complexity, they cannot be listed in full within this paper.
When using OWL concepts and properties to annotate an XML data structures, we do not require mappings between all compatible formats. Instead, each data format requires only one mapping to the ontological specification. With this approach, the number of mappings required for each compatible data format has a complexity of 0(n) instead of the quadratic complexity discussed in Section 2. It is also more convenient when adding new formats to an existing system since only one mapping is required to achieve maximum interoperability. 
Mapping Language
Our mapping language can be used to specify two types of mapping: ontology concept instances to XML and XML to ontology concept instances. The grammar for the language is given in Figure 4 using standard BNF notation. A mapping is composed of a source type ({ type }), source expression, a mapping symbol (<->), a destination type, a destination expression and set of using statements that map URLs to prefixes. An expression can be one of five kinds:
(elem), (constant), (var), (split) or (concat). An element expression corresponds to a concept or property type name for an ontology concept instance or the element name within XML document. The contents of an element, contained within parenthesis, is a sequence of further expressions delimited by a comma. These sub-expressions cor-(mapping) : := {(t,vpe)) (exp) (mapsvm) (t,ype)) (exp) (using) {(type)) (exp) (mapsym) {(tvpe)} (exp) Figure 6 , we show how the DWSI can be combined with the MLE to create a system that automatically mediates between different representations of the same data. This diagram shows one possible execution of our bioinformatics use case. In this instance, the XEMBL service is used to retrieve the sequence data after which it is passed to the NCBI Blast service for analysis. We have tested the performance cost of our preliminary prototype against hard coded XSLT transformations. On average, an XSLT transformation takes 3Oms where our MLE takes approximately 190ms -six time more processing time to perform the same translation. We consider this an acceptable cost considering the high level of interoperability our system supports. This cost is also a small fraction of the network time required in a Web Service invocation which is usually around 5000ms or more. 6 
Conclusions and Further Work
In this paper, we have used a bioinformatics Grid application to show the problem of data integration in open, service oriented architectures. We have identified a typical scenario where different syntactic structures are used by service providers, and how this effects the workflow process. After presenting the motivation behind a framework to support the automated mediation of syntactic structures, we describe our solution, which is based on the use of Semantic Web technology. By mapping XML data structures to OWL concepts and properties, we can describe service inputs and outputs according to their conceptual types. When services are then plugged together, as in our use case where sequence data is retrieved from a database and passed to an alignment service, we can automatically transform data structures between different formats.
In terms of our mapping language, it would be useful to incorporate regular expression support for string matching. Our current language only provides a simple split operator that can be used to break down atomic string values into separate components. With regular expression support, we could allow users to specify more complex string manipulation functions.
Our current architecture assumes that mappings are known, therefore, it would be beneficial to create a mapping repository which exposes a query interface allowing users to register new mappings, discovery new mappings and identify the semantic type of a given XML fragment.
Once such a registry has been implemented, we can integrate it with out MLE and DWSI so the appropriate mappings are retrieved automatically. Finally, our last task is to formalise the link between syntactic type systems and the description logic models that underpin the OWL reasoning methods. We believe that a sound understanding of the problem will enable us to support a generic solution that is expressive enough to cope with a wide range of complex data structures.
